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Abstract 
The detection of small fatigue cracks is of particular interest because it is a key element of remaining life prediction. In the present study 
low cycle fatigue crack initiation in austenitic stainless steel (SUS316NG) subjected to plane bending is observed and compared the 
change of back-reflection intensity of ultrasonic wave using the scanning acoustic microscope. Ultrasonic data is recorded as a function of 
the number of cycles and compared with slip band length measured optically. Surface observation using optical and scanning acoustic 
microscopy revealed that with increasing the number of fatigue cycle the slip band density increased and the amplitude of back reflection 
intensity gradually decreased before the slip band length increases. Due to the cyclic loading, dislocation density along persistent slip 
bands increase. The attenuation of ultrasonic back reflection intensity is due to the dislocation damping and this mechanism was 
considered.  
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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Nomenclature 
Amax maximum ultrasonic back reflection intensity 
A0 reference value of ultrasonic back reflection intensity 
Dpsb damage evolution in persistent slip band 
E elastic modulus 
H radius of crystal grain 
L dislocation loop length 
N current number of fatigue cycle 
Nf number of cycle to failure 
f frequency of ultrasonic wave  
 attenuation 
poison’s ratio 
stress 
p plastic strain amplitude 
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0 initial dislocation density 
av average dislocation density 
psb movable  dislocation density in persistent slip band 
 
1. Introduction 
It is well known that low cycle fatigue crack initiation process are often associated with slip band which emergence at the 
free surface of metal and metallic alloys components subjected to cyclic  loading [1,2]. The transgranular crack initiation 
process is a damage mechanism, also intergarnular cracking may occur in polycrystalline materials for high plastic strain 
amplitude [3,4]. Cyclic plastic strain plays an important role during cyclic loading for the change of internal structure of 
material. High plastic amplitude results surface relief generation, irreversible change in structure and fatigue crack growth 
starts. Surface relief observation on polished surface gives the information of fatigue crack initiation as well as their growth 
using high resolution method [5-8]. Due to easy and simplified instrumentation of ultrasonic method, it is used extensively 
as a technique of progressive change detection of material properties. At the very beginning of cyclic loading, the 
coefficient of attenuation increases linearly at slow rate but around 70-80% fatigue life, it increases rapidly [9-12]. It also 
has been  reported that the high sensitivity and contactless aspects, electromagnetic acoustic transducer enabled to 
continuous measurement of the resonance frequency and attenuation co-efficient during the fatigue process using the 
polycrystalline copper [13]. In these studies, measurements of average volume in field were done using low frequency 
transducer. In this research, we measured the change of back-reflection intensity at the location where low cycle fatigue 
crack growth start in stainless steel using the scanning acoustic microscope and corresponding surface observation by 
optical microscope and proposed a method for evaluating remaining life of crack growth starts. 
2. Materials and methods 
The material used in this experiment is a austenite stainless steel (JIS-SUS316NG) [14]. Chemical compositions and 
mechanical properties of tested material are given in Table 1 and Table 2 respectively. Figure 1 shows the specimen shape 
and dimensions. The center portion of the test piece was polished using a series of emery paper (1200, 1500, 2000 and 3000 
grades) and finally buffing was done using 0.3 m and 0.1 m alumina powder in order to identify the slip bands that are 
generated during the cyclic loading. Etching was done by using the solution of 40% water and 60% nitric acid to reveal the 
microstructure after the crack growth starts. The microstructure is shown in Fig. 2. The measured average grain diameter is 
100 m.                                         
Table 1 Chemical composition [wt.%] 
Cr Ni C N Mn Si S P Mo Cu B Co As Fe 
17.4 11.9 0.02 0.07 1.69 0.31 0.002 0.023 2.25 0.11 0.009 0.19 0.004 Bal 
 
                        Table 2 Mechanical Properties 
E (GPa)  0.2 (MPa) B (MPa) 
190 0.25 261 583 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Specimen configuration [ unit: mm] 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Micro-structure of test specimen 
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Strain controlled fatigue testing was performed on an electro-hydraulic material testing machine (MTS810). The loading 
was plane bending. The strain ratio was -1, loading frequency was 1 Hz and environment was the atmospheric. After 
applying the prescribed fatigue cycle, slip bands generation were observed using the optical microscope. The outline of 
ultrasonic apparatus is shown in Fig.3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ultrasonic waves generated from the transducer transmitted to the specimen surface through water. The incidence angle 
is 300 which is larger than the critical angle, results in generation of surface waves. The surface waves were reflected by the 
grain boundaries. The leaky reflected surface wave was received at the incidence point by the same transducer. Fig. 4 shows 
ultrasonic wave propagation path. The central frequency of the transducer is 100 MHz, focal length is 12.5 mm in water and 
scan pitch is 5 m.  
 
Specimen
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Grain boundary
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Fig. 4.  Propagation path of the ultrasonic wave 
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Fig.5. Relationship between nature of crack growth and density of slip line 
to plastic strain amplitude 
      
3. Experimental results  
Fig. 5 shows the effect of plastic strain on the change of intergranular and transgranular crack growth and the density of 
slip lines. It is found that change of transgranular crack growth to intergranular crack growth increased with increasing the 
plastic strain amplitude and correspondingly intergranular crack growth to transgranular crack growth was decreased. This 
figure also shows the increase in density of slip line with increase in plastic strain. Fig. 6 shows the ultrasonic microscope 
image at crack initiated location from where we can detect and predict the start of crack growth simultaneously.           
 
In the ultrasonic microscope image, the inhomogeneous brightness distribution denotes the back reflection intensity from 
grain boundaries. The rectangular mark indicates the location from where we can predict the start of crack growth by 
ultrasonic decrease and on the circular mark indicates the location from where we can detect only. The brightness of the 
ultrasonic image in the rectangle marked location, from N = 1 - 5000 cycles is decreased due to fatigue damage 
accumulation and then starts to increase at N= 5300 cycles and circle marked location brightness increased without tart to 
decrease. Fig. 7 shows the optical microscope observations on corresponding number of cycles of ultrasonic microscope 
image at same location (rectangular mark) and found that before increasing the brightness, the length of black line 
(indicated by arrow mark) remains unchanged but when the brightness start to increase correspondingly the length of the 
Fig. 3. Ultrasonic apparatus 
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black line start to increase which indicate the start of crack growth.  
   
   
                                                     
 
 
 
 
 
 
 
 
4. Discussion 
    Figure 6 shows that the back reflection intensity starts to decrease due to increase in cyclic loading and again start to increase.In 
corresponding optical microscope observations (Fig.7), we found that the length of the black line remains unchanged during ultrasonic 
decrease, but this black line length started to increase at the increase of back reflection intensity indicating the start of crack growth. 
Dislocation damping is considered as a major factor for such change in ultrasonic property. Due to the cyclic loading, dislocation density 
Fig.6. Scanning acoustic microscope images 
Fig. 7  Optical  microscope images 
711 Md. Nurul Islam et al. /  Procedia Engineering  56 ( 2013 )  707 – 712 
along persistent slip bands increase. The dislocation segments vibrate in response to ultrasonic stress wave and absorb the wave energy. 
To discuss the change in ultrasonic back reflection intensity due to cyclic loading, we will review the relationship between the dislocation 
density and attenuation. We assume a damage evolution model [15] in a crystal grain that includes PSBs relating DPSB with plastic strain 
range and number of fatigue cycle. 
                                                      PSB PSB p N
f
ND D 1 exp( ) 1 exp( . )
N
 N > 0                             (1)  
where PSBD  is half the saturated value of PSBD ,  is a coefficient shows the dependency of DPSB on the plastic strain amplitude, and 
N  is a coefficient shows the dependency of DPSB on the number of cycles. The average dislocation density in the crystal grain including 
PSBs becomes  
                                                   av PSB PSB 0D                                               (2)  
where PSB is the movable dislocation density in PSBs and 0  is the initial dislocation density of the grain. Using the value of av  
from Eq.(2), we can estimate the ultrasonic attenuation in the grain including PSBs and the back-reflection intensity from the grain using 
[16, 17] 
                                                    4 21 avC L f                                                (3)  
                                                    max 1 0
0
A
exp 2( )H
A
                                                                            (4) 
where C1 is the material constant, L is the dislocation loop length, f is the frequency of the ultrasonic wave, 0 and 1 are coefficients of 
attenuation for the initial and current states, respectively, and H is the radius of  the  crystal grain[15]. To  calculate  the  attenuation  using  
equation (3),  we  assume  L, PSB   and   0   are160 nm , 
15 26.0 10 m   and  12 21.0 10 m [18,19] respectively. The critical value 
of max
0
A
A
 is assumed as the average amount of decrease in max
0
A
A
 over several PSBs from where the crack growth starts in the 
experiment. The experimental and predicted values at start of crack growth using DPSB model is shown in Fig. 8 and it is found that 
predicted value is close to the experimental value. 
 
 
                                                               
 
Fig.8. Relationship between back reflection intensity and fraction of fatigue life from simulation and experiment. 
5. Conclusion 
     From this research it is found that the back-reflection intensity decreases with increasing the number of fatigue cycles 
before start of crack growth from PSBs. Monitoring this ultrasonic characteristic enables us to predict the remaining life of 
the fatigued stainless steel. The results obtained are summarized as follows; 
1. Back reflection intensity from the boundary of grains where a PSB begins decreases at about 60% of the life of start of 
crack growth, until a large decrease about 30% occurs start of crack growth. 
2.  PSB damage evolution model can be used in order to predict the start of fatigue crack   growth under variable total strain 
range  condition. 
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